Abstract -This study provides procedural tools that can be used in concert with a computer program to simulate the two-phase flow development of a higher density, tracer fluid inside a vertical tube. The problem arises in the context of a tracer fluid (e.g., a contrast agent) being injected into a neutral fluid such as blood. Based on cell fractions of tracer fluid obtained numerically, absorbency profiles are extrapolated. These are shown to compare favorably with laboratory x-ray samples realized under similar flow conditions. At low Reynolds numbers, one finds that a downward profile exhibits a more elongated frontal boundary than predicted by laminar flow theory of a single-phase, Newtonian fluid. The observed stretching of the denser fluid is confirmed experimentally and can be attributed to the combined effects of gravity assistance near the core and viscous resistance near the wall. In gravity-resisted flow, a reverse behavior is observed.
I. INTRODUCTION
Use of radiopaque tracer fluid in x-ray angiographic measurement of spatial distribution of blood flow within an organ has been based on the assumption that the tracer fluid has the same properties as the blood except with regard to its x-ray absorbency. However, the greater x-ray absorbency is also associated with greater density. Thus, the extent to which the tracer fluid faithfully tracks the flow may depend on the flow conditions with respect to inertial, viscous and gravitational forces in this two-phase flow problem (see [1] [2] [3] [4] ). The physical model entails the two-phase development of a slug-shaped tracer fluid immersed in a primary fluid of the same viscosity but different density. Due to the difference in tracer and primary fluid densities, the flow profile of the tracer fluid can become sensitive to gravitational bias [1] [2] [3] . The influence of gravity will, of course, vary depending on the flow orientation and inertia.
In horizontal flow, asymmetry would be expected with slow moving primary flows due to gravitational drag and subsequent sagging of the denser fluid. The gravitational distortion would be expected to become less appreciable in higher Reynolds number flows. In vertical flow, the shape of the tracer fluid would also be expected to be influenced by gravity depending on the flow direction. Thus, it appears that the assessment of the details of the developing tracer fluid is an important step in determining the influence of a density difference between two fluids on the ability to faithfully track the flow [1] [2] [3] .
The current study focuses on the development of a simulation technique intended for modeling the development of a slug-shaped tracer fluid that has been suddenly introduced into a primary, perfusion fluid. In the process, a numerical algorithm is described that allows for the extraction of data in a form directly comparable to those obtained using xray imaging [1] [2] [3] [4] . This includes the reproduction of temporal and spatial absorbency profiles of the tracer fluid. In the present study, the simulation technique is applied to the vertical flow orientation in both upward and downward flow directions with comparisons between the numerical simulations and experimental results. The prime objective is to illustrate the viability of a computer-based simulation technique in assessing the role of gravity on the shape of a tracer fluid having a density greater than the primary fluid that serves to guide the two-phase flow.
II. EXPERIMENTAL PROCEDURE
The intent of this simulation model is to correspond as closely as practical to the experiment shown schematically in Fig. 1 The injection loop includes a solenoid that is triggered to automatically block section 2 while opening section 3. This enables the tracer fluid to merge into the circuit as nearly a plug. In this experimental arrangement, the evolution of the tracer fluid under the action of gravity constitutes our main interest. Since the tracer fluid has a density that exceeds that of the primary fluid, its mass concentration can be detected at the x-ray site. For that purpose, an x-ray camera is used to record the absorbance at the rate of 30 frames per second. This permits the acquisition of experimental concentrations versus time data. A numerical simulation of the flow evolution in the entire tube is described next.
III. COMPUTATIONAL MODEL
The first step in carrying out the CFD simulation is to set up the geometric mesh. This is accomplished by first meshing one face at one end of the tube and then mapping that structure across the entire domain. The mesh used consists of an axisymmetric grid whose resolution follows a geometric progression in the radial direction (see Fig. 2a ). Its increased density near the wall enables the resolution of rapid changes within the boundary layer. Conversely, its coarseness near the core helps reduce the overall computational effort.
To ensure that the computational domain is sufficiently long, the length of the tube is taken to be longer that the classic entrance length of a developing flow under laminar conditions. This length can be calculated from the approximate empirical relation / 0.06Re
, a value that permits the slug-shaped tracer fluid to exceed 99% of its fully-developed state before exiting the computational domain. To efficiently cover the elongated domain, the cell aspect ratio in the longitudinal direction is chosen to be 8 at the core; it then increases with the geometric decrease in radial cell size as the wall is approached. Such a choice results in computational savings at no material loss in accuracy. This conclusion was reached after ascertaining that a smaller aspect ratio does not lead to a noticeable change in the results. Throughout these simulations, a fixed mesh is used. A moving mesh that brackets the tracer fluid is not utilized because the evolving tracer can occupy the entire tube in its final developmental stages.
Velocity and continuative boundary conditions are imposed at the inlet and outlet sections of the tube. While a justifiably fully-developed flow of primary fluid is prescribed at the inlet, a continuative boundary condition for free outflow is allowed at the downstream end. In between inlet and outlet, the tube surface is modeled with symmetric wall boundary conditions that divide the domain in half about its midsection plane.
Having defined the geometric grid and its boundary conditions, the resulting mesh file is imported into a finite volume Navier-Stoke solver [6] . Flow options are then set to account for time-dependency and multiphase interactions. At this juncture, a user-defined link that reproduces the fully-developed Poiseuille flow at the inlet section of the tube is assigned to the primary fluid. The code is then initialized and executed. As a precautionary measure, a sensitivity analysis is carried out first. This is accomplished by repeating a given simulation using a doubly-meshed resolution. Once grid independence is affirmed, the program is applied to specific cases of interest. The finite volume solver used by the code employs multigrid acceleration. Multigrid acceleration reduces the error by iterating in an alternative fashion on a series of coarse and fine grids. The convergence criterion we have adopted is based on a tolerance that ensures that the residual error remains less than 10 -3 in the momentum balance, and less than 10 -7 in the energy balance.
IV. RESULTS AND DISCUSSION
Insofar as gravitational corrections depend on flow attributes, they require full-scale investigations of the two-phase flow motion exhibited by the tracer fluid. Such investigations must take into consideration a wide variety of flow conditions, density ratios, and flow orientations. When the flow is upward, a converse behavior is observed. In this case, the forces due to viscosity (near the wall) and gravity (near the core) are both downward. Their action in the downward direction remains of the same order across the radius of the tube, thus leading to a more uniform interface. In consequence of this, a higher shear stress can be realized at the walls where the velocity gradient is now steeper. 
V. CONCLUSIONS
In this study, a numerical simulation was presented as a tool for investigating the twophase flow development of a tracer fluid having different density than the primary fluid.
The numerical simulations provided information for concentration profiles along the entire tube length. When applied to a vertical flow, the numerical results were able to mimic experimentally produced concentration profiles measured at a discrete spatial location. In the four sample cases described, laboratory and CFD results converged in predicting the effect of gravity on the shape of the tracer fluid: In gravity-assisted motion, a stretching of the profile is detected. The elongation of the resulting tracer fluid appears to be less appreciable at higher Reynolds numbers. In gravity-resisted motion, however, the opposite occurs. A blunter profile is obtained with steeper velocity gradients at the wall. Now that a viable methodology is in place, more work is required to cover a broader range of parameters and flow orientations. Additional issues that merit consideration include varying density ratios and characterizing the onset of flow breakup and instability. 
